Forces are increasingly recognized as major regulators of cell structure and function, and the mechanical properties of cells are essential to the mechanisms by which cells sense forces, transmit them to the cell interior or to other cells, and transduce them into chemical signals that impact a spectrum of cellular responses. Comparison of the mechanical properties of intact cells with those of the purified cytoskeletal biopolymers that are thought to dominate their elasticity reveal the extent to which the studies of purified systems can account for the mechanical properties of the much more heterogeneous and complex cell. This review summarizes selected aspects of current work on cell mechanics with an emphasis on the structures that are activated in cell-cell contacts, that regulate ion flow across the plasma membrane, and that may sense fluid flow that produces low levels of shear stress. 
INTRODUCTION
The mechanical properties of cells have attracted interest from the very beginning of cell biologic studies. Gel-sol transitions were recognized in the cytoplasm of crawling amoeboid cells in the eighteenth century (1) and flow within plant cells provided some of the first quantitative data describing non-Newtonian viscosity (reviewed in Reference 2). In the 1920s microscopic magnetic particles were manipulated within live cells to obtain quantitative measurements of elastic and viscous parameters by microrheology (3, 4) . In part, the focus on cell mechanics has been motivated by efforts to define how cells perform mechanical work as they move (5); however, recently, increased interest in cell mechanics has been generated by demonstrations that the mechanical features of the extracellular environment and application of forces to cells trigger cellular responses that are essential for many aspects of cell structure and function (reviewed in References 6, 7) . This review focuses on examples of how cells respond to specific types of mechanical stresses, how the mechanical properties of cells might relate to the rheological properties of synthetic or model systems, and AFM: atomic force microscopy how the mechanical features of cytoskeletal elements provide the potential to detect and integrate physical stimuli.
In contrast to the level of understanding of how specific chemicals trigger and transduce signals within cells, studies of how cells sense force and how they respond to different levels, durations, and directions of force are much less common, but have recently attracted increasing attention from biologists and bioengineers. Defining specific structures and mechanisms by which forces-both external and internally generated-are sensed by cells and how this stimulus leads to specific responses is likely to help explain the complex functions of cells and to design better materials for cell and tissue engineering and other applications in vivo.
MEASUREMENTS OF CELL STIFFNESS IN VITRO
The mechanical properties of the cell are essential to force responses because they determine the extent of deformation of the region of the cell where the force is applied, and therefore the range of molecular deformations that can be triggered. Estimates of cellular stiffness derived from different types of microrheological methods cover a wide range depending on the methods used, the type and extent of deformation, and the time that the deformation is applied, as shown in Table 1 . The stiffness measured for isolated cultured cells ranges from 0.1 kPa to an approximate upper limit of near 40 kPa (8) for myocytes, similar to the range of stiffness measured for many soft tissues (9) . The magnitudes of these moduli can help determine which molecular structures are responsible for cellular stiffness. For example, a reasonable estimate for the concentration of cytoskeletal proteins is 10 mg/ml actin, and tubulin and intermediate filament proteins have similar but slightly lower concentrations. In vitro studies show that cross-linked networks of actin at this concentration have elastic moduli in the range of 10 to 5,000 Pa, as do intermediate filaments networks, but only when deformed to large strains (10, 14) . Microtubules may also contribute to cellular stiffness if bound to the other filament systems, but most studies in which microtubules are depolymerized show little effect of the microtubules directly on cell elasticity except when their depolymerization leads to rearrangement or disassembly of the other filament types (11, 12) .
The dominance of actin in determining the stiffness of cells is shown by one recent study using atomic force microscopy (AFM) to quantify stiffness from small indentations of less than 200 nm at the dorsal surface of endothelial cells (13) . These studies reveal a heterogeneous population of local stiffness values that separated into two sets with elastic moduli of 5.6+/−3.5 kPa and 1.5+/−0.76 kPa depending on whether there were actin-based stress fibers underneath the AFM probe. Addition of cytochalasin to disassemble the actin network reduced the stiffness to 0.89+/−0.46 kPa and the network became more homogeneous. Measurements such as these argue strongly in support of a contribution of cytoskeletal networks to cell rheology that can be interpreted at least in part by the viscoelasticity of cross-linked gels made in vitro by the purified cytoskeletal components. For example, 0.7 mg/ml actin gels cross-linked by alpha actinin have elastic moduli on the order of 100 Pa (14) , and similar rigidities are seen for actin cross-linked by filamin A (15, 16) . Because the elastic modulus of (197) networks formed by semiflexible polymers is shown by experiment (10) and theory (17) to scale approximately with the square of the polymer concentration, 10 mg/ml cross-linked actin networks are predicted to have elastic moduli on the order of 10 kPa even at low strains and in the absence of other strengthening effects, such as interactions with other filaments or from prestress owing to internal contraction by motors. The values of elastic moduli calculated from force-deformation studies of cells are inherently difficult to interpret even when the experimental results are highly reproducible and well controlled. Among the factors that complicate the analysis are the facts that the structure of the cell interior is not homogeneous; the earliest studies of cell mechanics noted that many crawling cells have a hierarchy of layers with a liquid core, surrounded by one or two layers of solid material that either trapped or excluded organelles, and a very thin highly elastic membrane (18) . Therefore, the elastic modulus calculated from subcellular deformations is model dependent.
Further complications arise from the fact that the composition of the cytoskeleton, the density of activated cross-linkers, and the presence of other cellular components vary spatially and as a function of time. An additional feature evident in many studies is that the elastic material is inherently nonlinear, in that its resistance to deformation depends on the extent of deformation, even without active remodeling of the network. This nonlinear elastic response is a consequence of the physical properties of semiflexible polymers and creates the potential for cells to modify their stiffness by applying internal deformations, often called prestress, by activation of motors. A final complication is that the elastic resistance of cells is probably not entirely due to the thermal motions of polymers that produce the familiar entropic elasticity of rubbers, nor to enthalpic bending of stiff rods, which is analogous to bending of macroscopic beams. For example, when actin filaments are not tightly cross-linked to each other, activation of myosin motors arranged in antiparallel dimers increases fluidity because the long interdigitated filaments slide past each other more facilely when propelled by the actomyosin power stroke than by thermal motions (19) . The finding that many apparently random intracellular motions are much longer than can be accounted for by Brownian motion suggests that the rheology of the cytoskeleton and the cytoplasm in general may be substantially different from that of its constituents when they have come to equilibrium.
Given all of these complexities, it is perhaps surprising that the stiffness of many different cell types, measured using a variety of methods that impose a limited range of strains for times on the order of seconds, does not vary more widely and that significant differences between different cell types can be identified. This finding suggests that cells may work to maintain a tightly controlled rigidity under specific conditions, and therefore, deviations from a normal range of stiffness might be used to identify abnormal cells (20) . Moreover, cells change their stiffness when subjected to external stress. A recent study systematically varied the force applied to fibroblasts held adherent to two parallel plates and measured the stiffness in response to incremental deformation performed when the cell was held under tension. This study showed that the incremental elastic modulus can change by nearly an order of magnitude when the cell is held under tension (21) . The tension can arise either from application of external force to elongate the cell or by generation of internal stress owing to active intracellular processes that increase tension when the cell is kept at a constant height. These results support earlier studies showing that internal tension, often called prestress, can increase the stiffness of cells. The tension or deformation-dependent increase in the elastic modulus is consistent with the nonlinear viscoelasticity of cytoskeletal networks, and it may allow for significant changes in cell stiffness without changes in the amount of polymerized proteins.
MODELS FOR CELL MECHANICS

Viscoelastic Gels of Cytoskeletal Polymers
In some cases, biological materials are sufficiently uniform, or their mechanical properties are dominated by only a single structure, and they can be reasonably interpreted www.annualreviews.org • Integrating Cell Responses to Mechanical Stimuliby existing models for synthetic materials. For example, the mechanics of blood clots and some extracellular matrices are sufficiently dependent on the polymer networks that form them, i.e., fibrin (22) (23) (24) (25) and collagen (26) , respectively, that their rheology resembles that of gels of cross-linked polymers. Their relatively frequencyindependent shear storage moduli and low mechanical loss, as well as the scaling of elastic moduli with polymer concentrations (10, 17) , all resemble those of other semiflexible polymer networks. The relatively large elastic moduli for low volume fractions and strain-stiffening behavior distinguish these biomaterials from hydrogels of flexible polymers, but they are relatively well modeled by theories for semiflexible chains (17, 27, 28) . The similarity in rheology between some extracellular materials and synthetic polymer gels and the strong effect of actin depolymerizing agents on cell mechanics has motivated attempts to account for cell rheology using models developed for polymer networks.
The rheology of soft biological materials depends on the assembly of long protein filaments into networks of different geometries. The specific geometries of these networks are determined by the chemical and mechanical properties of the filaments, as well as those of the cross-links that hold the filaments together. Despite their chemical and structural differences, the most abundant protein filaments of extracellular matrices and intracellular cytoskeletons have the common property of being semiflexible filaments cross-linked into open meshworks. Whereas some biopolymers such as elastin have elastic properties very similar to rubber-like materials (29, 30) , gels formed by stiffer filaments, such as fibrin, collagen, actin, and intermediate filaments, have distinct rheological properties (28, 31) . For example, they are able to form elastic gels at very low volume fractions, less than 0.01% under optimal conditions, and become stiffer the more they are deformed, a property termed strain-stiffening (28) .
These mechanical properties likely contribute to the biological functions of cytoskeletal proteins in forming elastic networks with minimal protein production and networks with large mesh sizes that allow passage of large macromolecular assemblies and organelles. The rheological properties of the networks formed in vivo are likely to differ in some aspects from those formed in vitro. In vivo, the production of both filaments and networks is tightly regulated by numerous assembly-promoting and cross-linking factors (32, 33) that produce active networks with specified geometries far from equilibrium (19, (34) (35) (36) and not yet capable of being produced from purified factors in vitro. Nevertheless, some unusual properties of cross-linked semiflexible polymer networks have recently been observed in live cells, lending support to the concept that the network properties of isolated biopolymers can provide some insight into cell mechanics. On the other hand, studies of isotropic biopolymer networks can only partly reflect the mechanical properties of an intact cell because whole-cell rheology results from deformations of multiple layers within the cell, spanning the thin elastic membrane, the subcortical actin gel, a more granular gel-like inner layer, a more fluid layer in the cell interior, and the nucleus, which is generally much stiffer than the rest of the cell (18) . How these multiple layers together determine cell rheology remains difficult to relate to the filamentous and other structures found within each region.
Colloidal, Glassy, and Foam Models for Cell Mechanics
Most biological materials, including single cells, are not well defined by a single synthetic analog. In part, this results from their structural complexity and the fact that many are under internal tension (21, (37) (38) (39) (40) (41) , are constantly remodeling, or are subject to apparently random, but nonthermal, fluctuations that are rarely, if ever, found in synthetic materials (42) . Experimental evidence that cells were at least partly solid or could change from solid to liquid form was clear well before the concept of large macromolecules was accepted and well before cytoskeletal filaments were visualized by electron microscopy. Early explanations for cell rheology were based on concepts of colloid science (43) , in which interactions between small particles suspended in solvent, in this case granular material within the cytoplasm, led to solid-like rheology that allowed flow as the tightly packed particles subjected to forces moved past each other. Many aspects of the time dependence of cell rheology resemble the rheology of colloids, foams, or soft glassy materials, and recent systematic studies of cell elasticity and viscosity over much larger ranges of time and frequency than were previously possible have motivated researchers to challenge models of cell mechanics analogous to polymer gels.
Many recent studies have reported that cells and some purified systems mimicking the cytoskeleton have elastic moduli that follow a power law with a small fractional exponent, often near 0.1 to 0.2 over several orders of magnitude in time (38, 39, (44) (45) (46) (47) (48) (49) (50) . This behavior is inconsistent with polymer models containing a small number of relaxation times, or a finite longest relaxation time, as expected for a polymer gel, but rather it implies a continuum of relaxation times consistent with the rheology of immobilized colloids or soft glasses. The evidence in favor of power law rheology of single cells and other soft tissues is increasingly documented, although the precise molecular nature of this behavior remains unexplained. A related finding from microscopic measurement of the fluctuations of particles within the cytoplasm shows that while these motions appear random, they are much too large to be accounted for by thermal fluctuations. Instead, these motions seem to result from random jostling of the cytoskeleton, membranes, and other structures that are in contact with motor proteins that produce mechanical motions of various kinds using the energy of ATP hydrolysis to do work (42) . In many cases, the resulting motions are unidirectional for long distances and easily distinguished from Brownian motion, but in other cases single steps in random directions could produce the apparently random but active movements within the cell, with a resulting spectrum of relaxation times that could contribute to the power law behavior of the overall rheology.
Time Dependence of Cell Elasticity
Whether the cell appears to behave as a glass, a gel, or something else may depend on the magnitude of the deformation and the time over which the response is observed. The power-law relation of the cell's elastic modulus need not imply that the polymer properties of the cytoskeleton are unimportant or even dominant for the rheology of the cell. The basic model for polymer network elasticity assumes that the filaments remain chemically identical during deformation and that the cross-links between them are rigid compared with the filaments themselves. Neither of these assumptions is necessarily true for live cells, and the active movement of filaments and other structures by motor proteins further complicates network rheology. Recent studies examining the viscoelasticity of cells and complex cytoskeletal protein networks show that the time-dependent rheology of these systems can be similar. The multiple factors that mediate cytoskeletal networks, such as the size, stability, geometry, and flexibility of cross-linkers; active motions; and perhaps changes in filament structure; can all contribute to rheology to produce the spectrum of relaxation times inferred from the time-dependent measurements of cells (51) .
In summary, very few biological tissues are simple enough to approximate by any single rheological model. As a result, most rheological studies have been phenomenological, with either a finite number of elastic and viscous elements coupled in series or parallel to mimic the rheological behavior, or scaling exponents and limiting values to define how they may be fit by glass-like models (45) . These phenomenological models have been essential in many bioengineering contexts to develop protective or therapeutic strategies. However, developing mechanical models by which the properties of specific molecular structures, motor-derived forces, and cell-cell or cell-matrix interactions account for tissue mechanics remains an area of active investigation.
IMPLICATIONS OF CELL MECHANICAL PROPERTIES FOR THE MECHANISMS BY WHICH FORCES ARE SENSED
Mechanosensation requires by definition an element that responds to an applied force, without necessarily being triggered by binding a specific chemical stimulus. One of the challenges in understanding cellular response to forces is that there is not yet a universally accepted or fully described instance of a cellular component that responds specifically to a particular type of force. Lack of precise molecular mechanisms for force sensing leaves open the possibility that what is interpreted as a purely mechanical stimulus might, in fact, be a chemical stimulus that occurs coincident with the force application. For example, the effects of shear flow on endothelial and epithelial cells has plausibly been attributed either to a mechanosensor at the apical surface of these cells or to chemical sensors that detect concentration differences or gradients in solutes that flow past the cell surface. Similarly, cellular response to forces that deform cell shape can plausibly be described as being due to mechanically induced changes in protein or membrane molecular conformations or, alternatively, to chemical differences owing to reorientation of the spatial organization of cellular components that work cooperatively, with changes due to altering their spatial arrangements but not their individual structures.
Several different structures have been proposed as sensors of force. These include extracellular matrix molecules, the cytoskeleton, transmembrane proteins, proteins at the membrane-phospholipid interface, elements of the nuclear matrix, chromatin, and the lipid bilayer itself. The magnitudes of elastic moduli that describe both the cell's global deformation in response to forces and the deformation of specific structures at the cell surface can help discriminate between different modes of mechanosensing. Below we consider the role of the extracellular matrix, matrix receptors, and intercellular adhesion receptors in mediating mechanical signals and how this might in turn impact mechanically activated ion channels.
The Extracellular Matrix in Cell Mechanics
In organs and the connective tissues that envelop organs, cells are embedded in soft or mineralized tissues that provide special situations for the transmission and sensation of mechanical forces. Cells in solid tissues, by virtue of their surrounding protein matrices, likely sense and respond to applied forces in ways that are very different, for example, from blood cells flowing past endothelium (52) . Connective tissue cells are therefore mechanically adapted to the rheological properties of the matrix and their sensitivity and response to mechanical stimuli are significantly impacted by the matrix proteins that surround them.
Connective tissues provide essential physical and biological properties for transmission of gravitational and muscular forces by, for example, functionally joining muscle to bone. Another crucial facet of the extracellular matrix is its mechanical stabilization of tissues subjected to force, a general property that enables tissues and organs to maintain their shape and to prevent mechanically induced cell damage. Connective tissue matrices are comprised of predominantly collagen fibers and a large variety of other fibrillar and globular proteins, including fibronectins, laminins, glycosaminoglycans, and tenascin. Specialized mineralizing tissues that exhibit highly ordered hydroxyapatite crystals distributed in a soft extracellular matrix can exhibit a wide range of stiffness, as seen in cortical bone compared with cartilage, for example. Notably, fibrillar collagen is the most abundant protein in mammals (53) and in soft connective tissues, it can transmit tensile forces (54) to fibroblasts and many other cell types with appropriate collagen receptors. Based on the structure and composition of tissue-specific proteins, extracellular matrices are highly adapted to transmit, and to protect cells against, different types of mechanical loads, including tensile, compressive, shearing forces, and various combinations thereof (55) .
Under conditions of increased loading, connective tissues exhibit clear-cut responses to applied forces, including enhanced remodeling of connective tissue matrices (56) and increased proliferation of fibroblasts and osteoblasts, which are the principal mesenchymal cell type of soft and mineralized connective tissues, respectively. These cells also contribute to the synthesis, degradation, and remodeling of extracellular matrices, and their sensitivity to mechanical forces enables force-induced remodeling of the extracellular matrix. Conversely, the mechanical properties of the extracellular matrix have an important influence on the morphology and function of osteoblasts and fibroblasts (57) . For example, mechanically stressed collagen lattices lead to a "synthetic" fibroblast phenotype characterized by induction of connective tissue synthesis while simultaneously inhibiting matrix degradation (58) . Experiments using three-dimensional (3-D) collagen gels have also indicated that mechanical loading of tissues influences matrix remodeling (59) . Thus the extracellular matrix is a conductor of mechanical forces but its structure and composition is also influenced by the cellular responses to those same applied or endogenously generated forces.
AJ: adherens junction
Mechanotransduction: conversion of a force to a chemical or ionic change
Attachment Receptors in Force Transmission and Sensing
Cells in connective tissues adhere to extracellular matrices by a wide variety of matrix receptors, which may, under certain circumstances, become clustered into the aggregates termed focal adhesions or focal complexes. These complexes are candidate sites for transfer of contractile forces to the cytoskeleton in both cultured cells and cells in tissues (60) . Because of the facility of growing fibroblasts in vitro and for applying various types of exogenous forces to these cells, cultured fibroblasts have become important models for exploring mechanosensing and force response mechanisms in solid tissues. In fibroblasts, force transmission is critically dependent on the attachment of cells to matrix molecules such as collagen or fibronectin (61) ; this is manifest also in force-induced gene expression where tensile forces applied through matrix protein (but not poly-l-lysine-coated beads) can promote increased expression of the actin-binding protein filamin A (62) .
Attachment of connective tissue cells to the extracellular matrix is contingent on the formation and remodeling of integrin-mediated adhesions, but cells also adhere to each other by intercellular adhesive molecules, such as cadherins, that may also act as force sensors (63) . As N-cadherin-mediated adherens junctions (AJs) are influenced by integrin biology, fibroblasts may be able to integrate mechanical signals from both adhesion systems to coordinate responses relevant to differentiation, organogenesis, and wound healing (64) . Several studies have documented mechanical signaling responses through both cadherin and integrin adhesions (63, 65) . Consequently, mechanotransduction, the process by which cells convert mechanical stimuli into biochemical responses, may not be a finite single process but may instead be a series of interrelated processes that involve the recruitment of a wide variety of cell attachment, cytoskeletal, and signaling proteins. These proteins may then form docking and signaling complexes that are oriented in time and space to optimize transmission and processing of mechanical signals. Transmembrane proteins, particularly integrins and cadherins, are thought to play an important role in the function of protein complex-mediated mechanotransduction. Integrins, major transmembrane proteins that connect the cytoskeleton to the extracellular matrix, may be able to transmit mechanical forces across the plasma membrane (66) . Because integrins can also regulate a wide variety of signaling pathways (67), they are well positioned to transduce physical forces into chemical signals.
Transmembrane proteins can activate intracellular biochemical signaling pathways either by binding an extracellular ligand (chemical signaling) or when they are unfolded or otherwise deformed by force (mechanical signaling). Thus, the adhesive function of attachment molecules such as integrins and cadherins is a key element in mechanosensing and mechanotransduction. When external forces are applied to cultured cells, the cells exert tractional forces on the substratum to which they are attached, for example, focal adhesions complexes (68) . The initial reorganization and maturation of focal complexes into focal adhesions enhance force transmission and also further increase maturation of the adhesions (69) . Conversely, formation of focal adhesions requires tension generated by actin-bound myosin motors within the cell. These cell-generated forces are resisted by substrata if the substrata are sufficiently stiff to prevent deformation (70) . The processes of force transmission, sensing, and response create regulatory opportunities for signaling pathways that may guide cell migration, matrix assembly, and tissue organization (71) and these opportunities rely heavily on the adhesive domains of cells. The extensive heterogeneity of the mechanical properties of cells makes it unlikely that one single general model would be able to explain cell mechanics (72) , particularly in view of the segregated nature of surface adhesion receptors on cells (e.g., focal adhesions). Some cases of site-specific responses that are heavily influenced by receptor-matrix interactions are difficult to reconcile with models that posit homogeneous biochemical and mechanical properties. This point is underlined by data showing that application of mechanical forces can be very localized and that cellular responses are often restricted to the local application site (73) or in some cases transmitted to discrete sites farther away (74) .
Cadherins and Mechanobiology
In mechanically loaded, rapidly remodeling fibrous connective tissues such as the periodontal ligament, fibroblasts exhibit an extensive network of adherens junctions (AJs) that provide direct physical coupling between adjacent cells (75) (76) (77) (78) and endow cells with the capacity to act as a syncitium (63) . This property of cells in connective tissues has received relatively little attention but may be of considerable importance in modeling studies of cell and tissue mechanics. Notably, cadherin-mediated AJs in connective tissue fibroblasts are important for physiological turnover of the extracellular matrix, wound contraction, and intercellular mechanotransduction (76, (79) (80) (81) , processes that involve mechanical signaling processes. Although the formation and maturation of N-cadherin-mediated AJs in response to mechanical loading are still poorly characterized, new data indicate several interesting insights into cell mechanics.
AJs are adhesive plaques located at the junction of contacting cells, and they are mediated by the classical cadherins, adapter proteins, and actin filaments. AJ-like structures in solid tissues, such as connective tissues, can be formed by N-cadherin (82, 83) , which is broadly expressed by cells in nervous, fibrous, mineralized, muscular, vascular, and adipose tissues. N-cadherin-mediated AJs are of central importance in mechanical aspects of connective tissue function, including the regulation of cell attachment and migration (84) (85) (86) ; wound edge retraction (87); embryonic development and folding of cell layers (88, 89) ; and differentiation and formation of neural (90) (91) (92) (93) , muscle (94-97), bone (98-100), cartilage (101-103), vasculature (104) , and fibrous connective tissues (80, 81) . All of these processes involve cell mechanics, not only in interactions with the extracellular matrix but also, importantly, in maintenance and remodeling of intercellular junctions.
As indicated above, simple, one-dimensional models of mechanical signaling in many types of tissues do not take into account the remarkable complexity of the total toolbox of components in the extracellular matrix and in intercellular adhesive systems. In the context of adhesion receptors, cooperative signaling between cadherin and integrin adhesion systems may be relevant to mechanical signaling and the coordinated migration of cells that occurs in wound healing. For example, ectopic expression of α5 and β1 integrins in primary myoblasts increases N-cadherin expression and contact inhibition (86) , implicating integrin signaling in N-cadherinmediated contact inhibition. In HeLa cells, the importance of paxillin and FAK signaling in promoting N-cadherin-mediated contact formation, maintenance, and contact inhibition of motility has been suggested to involve a mechanism employing downregulation of Rac1 activity at sites subjacent to intercellular contacts (105) . Evidently, integrin-and cadherin-mediated adhesions may cooperatively or antagonistically impact the formation and maintenance of the opposing adhesion system to regulate cell mechanics. Thus the adhesion of connective tissue cells to various types of extracellular matrix proteins can influence the formation of intercellular adhesions and, as a result, the mechanical properties of tissues. For example, epithelial cells adhering to fibronectin or laminin maintain intercellular adhesions, whereas, if these cells attach to collagen, the intercellular junctions dissipate and the cells disperse (106) , indicating that different adhesion systems are tightly interdependent in terms of their mechanical properties. The regulation of cadherin-dependent intercellular junctions by specific integrin-mediated matrix adhesions has been noted in several different types of cells (107) (108) (109) (110) (111) , strongly indicating that models predicting mechanical behaviors of tissues must take into account the cross-talk between the adhesion systems that adhere cells to matrix and cells to each other.
Adhesion Systems and the Cytoskeleton in Regulation of Ion Channels
At the single-cell level, mechanical signaling underlies a very large coterie of cell behaviors, including cell volume control, motility, response to applied forces, and phagocytosis, all of which can produce localized distortions of the cell membrane (112, 113) . Force-induced changes of the physical properties of cell membranes may be able to regulate ion channel conductance (114), directly implicating adhesion systems to cells and matrix proteins in early events of mechanotransduction. Some experimental evidence shows that alterations of membrane tension can enhance membrane (and presumably ion channel) permeability to calcium; these processes are in turn regulated by the adhesion systems utilized by cells and by the interaction of adhesion systems with the cytoskeleton. At least one model of mechanotransduction suggests a central role for the cytoskeleton in regulating membrane ion channels. This hypothesis proposes that cells regulate ion channel conductance, in part, by force transmission through adhesions to the cytoskeleton, and subsequent cytoskeletal modification of the gating properties of the channels. As mechanosensitive channels include both stretch-activated and stretch-inactivated channels (114), there is considerable scope for how applied forces, adhesion systems, and cytoskeletal proteins could impact global membrane permeability. For example, an early event after N-cadherin ligation of adjacent cells is the activation of plasma membrane stretchsensitive Ca 2+ permeable channels and transient increases of Ca 2+ subjacent to sites of intercellular contact (63) . In many types of cells, including connective tissue fibroblasts, these transients are important determinants of cell contractility, motility (115, 116) , and the formation of intercellular adhesions (63, 117) . After N-cadherin ER: endoplasmic reticulum ligation, the amplitude of juxtamembrane Ca 2+ fluxes correlates temporally with the recruitment of actin assembly at regions of cadherin-mediated adhesions (63, 117) . Thus, the mechanics of adhesion formation and remodeling directly impacts fundamental aspects of cell signaling that impact cell metabolism and are the subject of numerous studies of mechanical signaling events. The central notion underlying adhesion system regulation of ion channel conductance is that cell membranes are major targets of external mechanical forces (118) and that forces applied to the cell membrane can be translated into membrane tension. This elevated tension in turn activates increased ion channel conductance, ion influx, and, potentially, downstream regulation of gene expression.
As ion transport in various tissues can apparently be regulated by adhesion systems that interact with the cortical actin cytoskeleton, it has been suggested that stretch-sensitive channels may be able to sense mechanical signals delivered from the submembrane, cytoplasmic face of the cell, possibly involving physical linkages to the cytoskeleton (113) . Support for this notion comes from earlier work showing that transmembrane calcium ion flux is a rapid response to mammalian whole-cell mechanical stretching and is dependent on the relative levels of actin filament assembly in individual cells (119) . More specifically, using inside-out patch clamping, the involvement of actin assembly in the regulation of nonvoltage-gated sodium channels has been demonstrated in human myeloid leukemia cells (120) . Stretchactivated channels comprise several functionally characterized ion channels that are permeable to anions and cations (114, 116) , but the molecular definition of these channels in mammalian cells has not been completely defined. MscL, a mechanosensitive channel in Escherichia coli, was the first major channel molecule to be characterized at the molecular level. Thus, MscL may be able to directly contribute to the "sense" of membrane stretch (121) . In mammalian cells, l-type channels may be the mechanosensor that regulates bone formation (122) . Transient receptor potential channel proteins have also been cited as possible mechanosensors (123); indeed, work in frog oocytes strongly indicates that TRCPC1 is a mechanosensitive cation channel (124) .
Force Transmission to Intracellular Organelles
Although there is a large body of work implicating force transmission through membrane-bound adhesion receptors that regulate stretch-sensitive channels in the cell membrane, mechanical stimuli also induce integrin-dependent Ca 2+ entry and/or Ca 2+ release from the endoplasmic reticulum in many cell types, including osteoblasts (125), osteocytes (126) , chondrocytes (127, 128) , mast cells (129) , cardiac myocytes (130) , endothelial cells (131) , and vascular smooth muscle cells (132, 133) . These remarkable findings suggest that adhesion receptors, possibly by virtue of their connectivity with cytoskeletal elements, can activate calcium release from intracellular stores. One mechanism posits that mechanical stimuli promote release of ATP that in turn acts on purinergic receptors to discharge Ca 2+ from endoplasmic reticulum (ER) stores and induce Ca 2+ wave propagation (134, 135 (137) . Application of forces to certain cell types promotes intracellular release that may rely in part on calcium-induced calcium release through activation of plasma membrane channels (138) , activation of a mechanosensitive phospholipase A2, or a direct physical connection between the ER and plasma membrane adhesion receptors (139) . Collectively, these data indicate that mechanically induced increases of Ca 2+ are widely distributed among many different types of cells, but that the relative importance of mechanically sensitive plasma membrane and ER channels is not defined. Recent data indicate that there may be localized mechanical connections between matrix adhesions on the plasma membranes of cells and the endoplasmic reticulum (140, 141) , thereby suggesting the possibility that transmission of mechanical stimuli into the interior of cells can be mediated by physical approximation of intracellular organelles and cell membrane microdomains.
HOW ARE FORCES EXERTED AT THE CELL SURFACE TRANSMITTED THROUGH THE CELL?
The mechanical properties of the cell determine how far and in which direction a force applied at the cell surface will deform or apply stress to an element within the cell. The distribution of forces through a complex viscoelastic material like a cell depends on details of the linkage between the site where the force is applied and the underlying cytoskeleton, the linkage of the membrane to the cytoskeleton, and the continuity of elastic links through the cell interior or linking the membrane to the nucleus. Even prior to active remodeling of the cell in response to the force, details of the preexisting cellular elements determine where in the cell the force will be transmitted. For example, when a point force is applied at the membrane to, for example, an integrin that is not tightly coupled to the underlying cortical actin network, the resulting deformation will be largely in the plasma membrane in which the integrin is embedded or in elements directly linked to the transmembrane protein.
In this case, mechanically sensitive ion channels can be activated, but structures in the cell interior will not be strained. Any subsequent rearrangement of the internal structure would occur only secondary to a chemical signal being transduced from the mechanical signal. On the other hand, if an integrin is already linked to the 3-D cytoskeleton, then force will be transmitted directly into the cell interior to deform the cytoskeleton or move internal organelles. In this case the plasma membrane of the cell might not be stretched, and therefore no influx of Ca2+ would be triggered (142, 143) . The importance of mechanical reinforcement of integrins for the manner in which they signal in response to force underlies the mechanism of mechanoprotection (7, 144) , in which repeated or prolonged stress to a transmembrane protein does not trigger the same response as the initial force application, even though the signaling apparatus remains intact. Similarly, the nature of the contact at the base of the cell affects how it responds to forces applied elsewhere. Finite element analysis of the displacement field in a cell with elastic modulus 100 Pa and viscosity 100 Pa.s after imposition of 500 pN force on a 4.5-μm-diameter bead tightly attached to the top of the cell with the depth of penetration shown. Only one-fourth of the bead is depicted as the gray quadrant. The displacements predicted 2 s after imposition of stress in the horizontal (x) and vertical (z) directions are shown in (a) and (b) panels, respectively. Adapted with permission from Reference 145.
Theoretical Predictions of the Stress Field in a Model Cell
Finite element modeling has recently provided maps of how forces applied to the surface of a cell are transmitted through its interior in the context of magnetic twisting rheometry, a commonly used method (see Table 1 ) to measure cell surface mechanics. As Figures 1 and 2 show, both the stress and strain fields are transmitted only a few microns away from the point of force application in both viscoelastic and purely elastic models of cell rheology. Figure 1 shows the displacements in the vertical and horizontal directions for a model in which approximately one-half of the radius of a 4.5 micron sphere is embedded into the membrane of a cell, which is characterized as a viscoelastic body with a shear modulus of 100 Pa and a viscosity of 100 Pa.s (145) . The horizontal movements that represent both recoverable elastic displacement and viscous dissipation are significant only a few bead diameters away from the site of the Affine: the macroscopic strain of a sample is equal to the microscopic strain at every point embedded bead, and extend only a few micrometers into the cell interior. In a purely elastic cell model with elastic modulus of 1000 Pa (Figure 2) , the displacement and calculated stress fields appear to be even more confined to the region of the embedded bead. The prediction from these simulations is that cytoskeletal deformation and movements of embedded organelles should follow a gradient of movements with the largest magnitudes near the edges of the bead.
Experimental Measurements of Intracellular Strains Caused by Extracellular Forces
Because the interior of the cell, including its cytoskeleton, is anisotropic and thermodynamically far from equilibrium, the deformation of a cell in response to applied stress might not correspond to the predicted strain of a homogeneous viscoelastic material. For a simple continuous elastic material, the local strain everywhere within the sample corresponds to the macroscopic strain, and such uniform deformations are called affine. However, many biological materials exhibit non-affine deformation. For example, a detailed study of how the cytoskeleton is deformed by shear stress imaged the vimentin intermediate filament system before and 3 min after imposition of 1.2 Pa shear stress to the dorsal surface of an endothelial cell (146) . Reconstruction of network junction points in a triangulation map allowed quantitative measurement of the displacement field. As Figure 3 shows, the microscopic displacements of the cytoskeleton are highly nonuniform and do not follow closely the direction of the stress. Some junction points even move in a direction opposite to the applied stress. A similar finding that specific sites in the cell interior move significant distances and in a direction different from those of forces applied to the cell membrane was made in a study in which twisting motions from a magnetic bead bound to surface integrins lead to displacement of fluorescently labeled mitochondria used as fiducial markers for the cytoskeleton to which the mitochondria were bound (74, 147) . These studies, illustrated in Figure 4 , revealed that mitochondria often moved distances and in directions different from what would be expected for application of a local force to a viscoelastic continuum as shown in Figures 1 and 2 . Some mitochondria far away from the point of stress moved farther than mitochondria closer to the applied force, and movements toward the force were also noted. Because mitochondria are often bound to cytoskeletal filaments, and because the stress carried by individual filaments can depend strongly on the details of how they are linked to the point of applied force, these measurements are consistent with tensegrity models for cell mechanics, which emphasize the geometry of the networks and the interplay of tension and compression in cytoskeletal structure (148) . Some aspects of the differences between the microscopic strains of network nodes and the macroscopic strain are also qualitatively consistent with recent calculations of the nonaffine strains of dilute networks of cross-linked semiflexible networks, including actin (31, 149) and collagen (150) , even when they are not held under tension. Other features, such as the long-range displacement of individual mitochondria after application of a distant force and the effects of myosin inhibitors, support the concept of tensegrity and implicate the active contractility of the cell as important in determining how the internally prestressed cytoskeleton responds to external stresses (74, 147) .
SENSING AND RESPONDING TO SHEAR STRESS CAUSED BY FLUID FLOW
Characterization of the magnitudes of elastic moduli and the structures at the cell surface have led to several different mechanisms by which cells may respond to shear stresses caused by fluid flow. As pointed out in a pioneering model of cytoskeletal elasticity based on modeling the filaments as elastic beams, a major challenge to understanding how endothelial cells sense shear stress is that the calculated and measured elastic modulus of the cell is on the order of 1000 Pa, but the cell responds to 0.1 Pa stress at its surface (151) . Such a relatively small stress would produce a small strain the cytoskeleton as a whole. However, the mechanical continuity of the cytoskeleton is required for a decentralized response to the stress and to transmit it elsewhere within the cell (152) . There is a fairly wide range of values reported for the Young's modulus of an endothelial cell, but most studies conclude that the elastic modulus of the endothelial cytoskeleton is in the range of 100-1000 Pa (Table 1) . Therefore, a shear stress of 1 Pa, which is at the high end of the stress reached at the wall of a blood vessel, will strain a cell with an elastic modulus of 1000 Pa only 0.1%. If the typical mesh size of the cytoskeleton is approximately 100 nm, this corresponds to a movement of actin or other filaments of no more than 1Å, a distance almost surely less than that caused by the random fluctuations from thermal energy. A similar estimate suggests that the stresses caused by fluid flow are also too small to deform a stretch-activated ion channel sufficiently to alter its conductivity. Therefore, if the response to shear flow is really mechanical and not due to flow of chemical messengers, an amplification of the stress due to the fluid flow needs to be hypothesized. Various structural specializations of flow-sensing cell membranes have been proposed as the shear stress sensors. Most models are based on the observation that the surfaces of cells such as endothelial cells are not smooth (152) , and therefore the local stress produced by fluid flow can be significantly higher than the wall shear stress calculated by classical fluid dynamics (153, 154) for fluid flow across a flat surface. Force imposed at specialized sites can be transmitted through the cytoskeleton to sites in the cell interior (155) .
Because of the small forces due to shear flow to which cells respond, the force sensor must either be much softer than a typical protein complex or else highly elongated and projected into the flow field to amplify the force. Two candidate structures to produce this force amplification are the glycocalyx and the primary cilium. The glycocalyx, an extended web of large, semiflexible, glycosylated macromolecules extending large distances up from the apical surface of the cell, can amplify the deformations due to fluid flow and focus them on the transmembrane proteins to which they are anchored and thereby transduce the shear stress into intracellular signals (156) . This modality of mechanotransduction is discussed in detail in the chapter by Tarbell et al. in this volume.
Primary Cilium
A convergence of structural and genetic data have recently focused attention on the primary cilium as a structure responsible for shear stress sensing in some cell types, notably epithelial cells and potentially in some endothelial cells (reviewed in References 157-161). Motile cilia of, for example, tracheal epithelia generate motion by activation of microtubule motors within an elongated structure formed by a bundle of nine doublet microtubules surrounding a central pair of microtubules. In contrast, primary cilia are nonmotile because they lack the central microtubules, localize fewer microtubule motors, and use those motors for intraflagellar transport but not to slide microtubules past each other to generate bending movements. Most vertebrate cells that face a fluid extracellular compartment, including many endothelial and epithelial cells, contain a single primary cilium that emanates from the mother centriole and extends through the cortical actin meshwork to form membrane-bounded protrusions that project as much as 30 microns up from the cell surface. The nonmotile primary cilium has been known for 100 years, and has been proposed to be a mechanosensor, largely on the basis of its morphology (reviewed in Reference 162). Molecular evidence for the mechanism by which this structure responds to forces has recently emerged largely from studies of the dysfunction of renal epithelial cells in polycystic kidney disease, and similar or perhaps different molecular strategies may be employed by other cell types that possess primary cilia. Mechanosensing by deflection of the microtubule-based primary cilium by fluid flow may occur by mechanisms analogous to those by which the actin-based stereocilia of the hair cell detects sound (163) . Experimental evidence for mechanical sensing by primary cilia has been reported for renal and other epithelial cells, osteocytes, and other cell types (see the reviews cited above), but somewhat surprisingly there is less evidence for such a role in endothelial cells. Several types of endothelial cells express primary cilia (164) (165) (166) (167) (168) , and flowinduced changes in their structure have been reported in corneal (164) and umbilical vein endothelia (169) ; however, in the latter case, physiological levels of fluid shear stress led to their disassembly. On the other hand, they are detected on embryonic endocardial cells in regions of low shear stress (170) on endothelial cells at regions of atherosclerotic plaques (171) , and on hepatic stellate cells (172) , all of which are exposed to low levels of shear flow or to disturbed flow.
Bending of the Primary Cilium by Fluid Flow
The deflection of a primary cilium such as that from kangaroo rat kidney epithelial cells shown in Figure 5 subjected to a uniform load perpendicular to the long axis of the vertical cilium is given by the equation
where ψ is the tangent angle at a distance s along the cilium contour and k is a constant that depends on the stiffness of the cilium and the magnitude of the load (i.e., shear stress due to fluid flow). Equation 1 is solvable only by approximation and requires assumptions about the displacement of the cilium base. Assuming that the cilium is a uniform nonextensible cylindrical beam and that its base remains fixed at the surface of the cell, the angle α to which the tip of the cilium bends under a load per unit length w is given by a = wL
where L is the length of the cilium, E is its Young's modulus, and I is the moment of inertia of the cylindrical cross section. The load per unit length w is related to the fluid flow as (173)
where ρ is the density of the fluid, v is the velocity of the fluid, d is the diameter of the cilium and Re is the Reynolds number, estimated to be very low (<2 × 10 −5 ) under these conditions (174) . The diameter of the cilium depends on the cell type and the experimental conditions and is in the range of 0.12-0.44 micron (166) .
The product EI defines the flexural rigidity of the cilium, which has been experimentally determined to be 3.1 +/−1 0.8 × 10 −23 Nm 2 (174) for a bundle containing nine doublet microtubules. The rigidity of the primary cilium derived from image analysis in a flow field is surprisingly not much larger than the rigidity of a single microtubule, which is approximately 2.2 × 10 −23 Nm 2 (175) . If these values are both correct, then either doublet microtubules are more flexible than single microtubules or the primary cilium may have an active mechanism, perhaps involving microtubule motors, to allow greater flexibility in the microtubule bundle than would be expected for the simultaneous bending of nine doublet microtubules.
In principle, there are at least three mechanisms by which the primary cilium or any other long narrow protrusion can amplify forces to allow a cell to respond to very small stresses (Figure 6) . One mechanism uses the long lever arm of a rigid protrusion to increase the force at the base of the cilium. Extending the cilium several microns above the cell surface below a fluid velocity gradient places the tip in a region of the flow field with larger velocity, and therefore more load is put on the protrusion. If the cilium undergoes rigid body rotation, as suggested by some studies (176) , the force at the base of the cilium embedded within the cortical actin meshwork and associated protein complexes in the spindle pole body and other microtubule-bound proteins may experience large enough forces to produce strains, leading to polypeptide unfolding, release of domain-domain interactions, or other transformations that require stresses greater than those generated simply by the fluid flowing over a smooth surface.
A second mechanism is suggested by the finding that mechanosensitive ion channels are found away from the base of the cilium at regions where the cilium bends. When a beam of finite diameter bends, the side facing the concave bend is compressed and the opposite, outer surface is stretched. Therefore, ion channels and the transmembrane proteins that regulate them can be subjected to membrane stresses sufficient to activate them even if the rest of the cell membrane remains at rest (177) . A third mechanism does not require a specific force to be applied to deform the cilium, but rather relies on the large elastic extracellular domains of proteins such as polycystin 1 that might be directly affected by fluid flow. The role of the cilium then is to project the transmembrane protein away from the cell surface so that it senses a larger flow field, in a manner analogous to the proposed function of the primary
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Figure 6
Schematic diagram of primary cilium and the mechanisms by which it may respond to shear stress. The resting cilium is approximately vertical and is bent by fluid flow above the surface of the cell. Embedded in the membrane of the cilium are transmembrane proteins including ion channels, such as polycystin-2, and regulatory proteins, such as polycystin-1, which are associated with the channel. Bending of the cilium can activate ion channel activity by mechanisms analogous to those by which other stretch-activated channels are regulated. Integrins localized to the distal end of the cilium may similarly be activated by deformations produced when the cilium is displaced. Alternatively, the bending of the cilium can amplify force transmitted to the base of the cilium embedded in the cell interior because of the rigidity of the microtubule core and deformation of proteins at the base of the cilium may transduce the mechanical signal.
cilium as a chemical sensor that places chemical receptors away from the cell surface. The potential for the primary cilium to act as a force sensor may not be limited to fluid shear stress, as integrins have recently been identified to localize to the primary cilia of chondrocytes and may therefore act in cell-matrix or cell-cell mechanosensing (178) .
CONCLUSIONS
A survey of recent studies shows that many factors, including but not limited to the cytoskeleton, determine the mechanical properties of the cell. The strain-stiffening nature of the cytoskeleton allows for stress-dependent cell stiffening and reinforcement of cell rigidity at points where mechanical forces are applied. The magnitude of elastic moduli of a variety of cell types have been measured, and as the experimental systems and methods to derive elastic moduli from force-displacement measurements improve, the range of elastic moduli reported by different methods appears to be converging to the range of 100 to 10,000 Pa for measurements made at modest strains for periods of seconds. At the same time, it is also clear that cell stiffness is a heterogeneous parameter that varies spatially and temporally as cells respond to their environment. The mechanical features of cells allow them to respond to a range of physical forces, and quantitative measures of the magnitudes of force required for cell activation and the elastic moduli of the cells that respond will help elucidate mechanisms of mechanotransduction that regulate many aspects of cell function.
SUMMARY POINTS
1. Single cell measurements typically yield values in the range of 100 to 10,000 Pa for cell elastic moduli.
2. Cell stiffness increases as cells develop internal tension.
3. Cell-cell contacts are as important as cell-matrix interfaces as sites of mechanotransduction.
4. Elongated structures, such as the glycocalyx and the primary cilium, may enable cells to sense the small stresses generated by fluid flow.
5. The time-dependence of cell rheology reveals features that differ from those of isotropic biopolymer gels.
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